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Metal-semiconductor composites, in which metal clusters are dispersed in a crystalline semiconductor, present a fruitful field of investigation for various electrical and optical properties, with some potential applications. Special attention has been paid to arsenic clusters in GaAs. Arsenic clusters are assumed to be semimetallic in nature and to form buried Schottky barriers. 1 Many investigations have shown that arsenic clusters could be formed after annealing above 550°C of low-temperature-grown GaAs containing 2 vol % excess arsenic in the form of As Ga ϩ antisites and I As interstitials. 2 Other works reported that arsenic clusters exist around dislocations, despite their absence in the matrix of semi-insulating or doped bulk GaAs. [3] [4] [5] The formation of arsenic clusters around dislocations has been related to the increase in the free-electron concentration ͑FEC͒ from the matrix to dislocations in GaAs:Si. 6 It is thus of fundamental interest to clarify why arsenic clusters prefer to stay at dislocations and not in the matrix. The computer simulations presented here will show that it is energetically and kinetically favorable for arsenic clusters to stay at dislocations. Two kinds of simulations have been carried out. The first approach is molecular dynamics ͑MD͒ simulations to explore the difference in the total energy of the As-GaAs system as a function of the distance of the arsenic cluster from the dislocation. In the second approach, the microscopic diffusion-drift-aggregation processes of point defects is simulated to elucidate ͑i͒ whether there are kinetic reasons to form arsenic clusters at dislocations and not in the matrix and ͑ii͒ why the FEC obtained in previous Raman scattering experiments increases from the matrix to the dislocation in a cylinder having a radius as large as 10 m in n-type GaAs, such as GaAs:S. The mechanism of the spatial redistribution of free carriers due to the existence of dislocations is still controversial ͑see Ref. 5 and references therein͒.
In the present MD simulations, a Tersoff-type interaction potential has been applied to construct Ga-Ga, As-As, and Ga-As interactions. 7 A perfect GaAs matrix was built as a 7&a 0 ϫ8ͱ6a 0 ϫ6)a 0 block in ͓11 0͔, ͓112 ͔, and ͓111͔ directions ͑lattice parameter a 0 ϭ5.65 Å). It contains 16 128 atoms. Next, all the atoms were displaced according to the isotropic elastic theory to generate a 90°partial glide dislocation in the center of the supercell. In the MD simulations, the matrix is divided into two regions: boundary and core regions. The atoms in the boundary region are fixed and those in the core region are allowed to move freely. There are hence 9086 movable and 7042 fixed atoms in the supercell. A periodic boundary condition has been applied in ͓11 0͔ direction and fixed boundary conditions were imposed in ͓112 ͔ and ͓111͔ directions. The newly constructed GaAs matrix with a dislocation was equilibrated at a temperature T ϭ0 K. Next, an arsenic cluster with 83 atoms was embedded into the GaAs matrix at some position. The structure of the modeled cluster is rhombohedral, in accordance with experiments. 8 Afterwards, the system was relaxed by means of MD energy minimization at 0 K for a time long enough that its total internal energy no longer varied with time.
The arsenic cluster was placed at several positions Y in the ͓112 ͔ direction with the cluster center-of-mass coordinates Xϭ0 in ͓11 0͔ and Zϭ0 in ͓111͔ direction for calculating the total internal energy E total (Y ) of the As-GaAs system. Figure 1 shows the difference in the total internal energy, ⌬EϭE total m ϪE total (Y ), as a function of the position Y of the cluster from the dislocation. E total m corresponds to the total energy in the matrix far from the dislocation.
Since the internal energy is negative, a larger ⌬E means that the As-GaAs system has a smaller total energy and thus lies in a more stable state. Therefore, it can be concluded from Fig. 1 that it is energetically favorable for arsenic clusters to stay at the dislocation. From observations by transmission electron microscopy, 8 arsenic clusters have been found with diameters of at least several tens of nanometers, by far larger than the simulated As 83 . However, it is still impossible for the processing capability of present computers to simulate such a large-cluster-matrix system. In general, large clusters originate mainly from the coarsening of smaller clusters, or from small aggregates acting as capture sites for single atoms. Although our MD simulation does not take into account the nucleation of clusters and the coarsena͒ Electronic mail: lei@cmat.uni-halle.de APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 8 24 FEBRUARY 2003 ing, it is expected that larger clusters prefers to stay at dislocations as well.
As a second step, a microscopic model has been constructed to simulate the diffusion-drift-aggregation processes of point defects related to the existence of a dislocation in n-type, sulfur-doped GaAs. We have selected GaAs:S as the simulated object since all the necessary parameters, such as diffusion constants, concentrations, and reaction constants, are available from previous work. 9 In this model, sulfur diffuses via the kick-out mechanism 10 i S ϩ S As ϩ ϩI As , ͑1͒
where arsenic interstitials are assumed to be neutral; i S ϩ , I As , and S As ϩ represent interstitial sulfur and arsenic, as well as sulfur atoms on arsenic lattice sites, respectively. Since nearest-neighbor (S As V Ga ) 2Ϫ complexes have been observed in GaAs:S, their effect must be incorporated into the diffusion-aggregation model. A (S As V Ga ) 2Ϫ complex is formed by a reaction S As ϩ ϩV Ga 3Ϫ ͑ S As V Ga ͒ 2Ϫ . ͑2͒
In order to acquire information on the spatial distribution of intrinsic and extrinsic point defects, a set of partial differential equations describing the diffusion-drift-aggregation processes of S As ϩ , I As , V Ga 3Ϫ , and (S As V Ga ) 2Ϫ are solved numerically using the program package ZOMBIE:
eq ϭK ko Ϫ C S As ϩ eq C I As eq , 
where D i S ϩ, D I As , and D V Ga 3Ϫ are the diffusion coefficients of i S ϩ , I As , and V Ga 3Ϫ , respectively. C i are the instant concentrations and C i eq the local equilibrium concentrations ͓i ϭI As , i S ϩ , (S As V Ga ) 2Ϫ , V Ga 3Ϫ , S As ϩ ͔. r is the distance from the dislocation, n the FEC, and k B the Boltzmann constant.
1 and 2 are related to the effect of other possible factors, such as the nucleation of clusters. j ( jϭS As ϩ , As, V Ga 3Ϫ ) is the purely radial interaction potential between a sulfur atom, an arsenic atom, or a Ga vacancy and a dislocation and simply taken from the framework of elastic theory.
12 K ko ϩ , K ko Ϫ , K ϩ , and K Ϫ are the reaction constants of the forward and backward reactions of Eqs. ͑1͒ and ͑2͒. K ko Ϫ and K ϩ are estimated by following the theory of Waite:
Here, the capture radius r ko is in the range of the lattice constant a 0 of GaAs; that is, r ko ϭ0.5 nm in our case. r c is the distance between S As ϩ and V Ga 3Ϫ in a complex and has been taken as ()/4) a 0 . The FEC depends on C S As ϩ , C i S ϩ, C V Ga 3Ϫ, and C (S As V Ga ) 2Ϫ, as well as on the intrinsic FEC n i :
According to the classic nucleation theory, 14 the nucleation rate of some atoms in a spherical cluster with a radius r 0 is
where is the interface energy between a cluster and the matrix, v the volume per atom in the cluster, and ⌺ the supersaturation ratio. D and C are the diffusion coefficient and the concentration of the atomic species, respectively. In order to produce clusters, ⌺ must be larger than 1. Following the experimental observation that arsenic clusters are formed at the dislocation, 2 is set simply as 2 ϭϪ␣ p (r,t) only within the capture radius of the dislocation; otherwise, 2 ϭ0. ␣ is a parameter to adjust the formation rate of clusters. A higher ␣ means a higher formation rate of clusters. 1 is always set to zero because no sulfur-related clusters are expected from classic nucleation theory when the sulfur concentration is far below its solubility. The simulation has been made for diffusion-driftaggregation at 1000°C for a time of 4 h. Sulfur with a concentration of C S eq ϭ2.0ϫ10
18 cm Ϫ3 is evenly distributed throughout the matrix regardless of the presence of dislocations at the initial time tϭ0. C I As eq , C V Ga 3Ϫ eq , and 9 These initial concentrations have been selected on the assumption that the point defects are in local thermal equilibrium at tϭ0. The result of the simulations ͑Fig. 2͒ indicates that the concentration of I As increases from the matrix to the dislocation within a short distance if no cluster is formed at the dislocation (␣ϭ0). This is known as a Cottrell atmosphere around the dislocation. Provided that the solubility of interstitial arsenic atoms at any position is assumed to be the same as that in the matrix (C I As eq ), the aggregation of I As at the dislocation increases the supersaturation ratio ⌺ and thus the probability to form arsenic clusters according to the classic nucleation theory ͓see Eq. ͑3͔͒. It should be noticed that C I As /C I As eq in the matrix is actually smaller than 1, since an increase of C I As at the dislocation must be accompanied by its reduction in the matrix in order to conserve the total amount of I As . We have found that the increase in C I As near the dislocation is immediately followed by a depletion region at the early stage of the time evolution of the system ͑within 1 min͒. In the simulations, the arsenic atoms incorporated into arsenic clusters are assumed to be immobile so as to be excluded from the calculations of C I As , so the formation of arsenic clusters at the dislocation (␣ ϭ1) decreases the concentration of arsenic atoms available to the diffusion-drift-aggregation processes at any position from the dislocation, compared with the case ␣ϭ0 ͑see Fig.  2͒ . The distinct increase in the FEC with no arsenic cluster formed at the dislocation (␣ϭ0) is limited to a small distance from the dislocation core ͓about 0.05 m, see Fig.  3͑a͔͒ , which cannot explain the experimental findings by Raman microscopy. Raman scattering reveals that the radius of increased FEC around the dislocation amounts to about 10 m ͓Fig. 3͑b͔͒. Experimentally, the FEC is determined by the peak position of the L ϩ LO phonon-plasmon coupling mode in the Raman spectrum. 6 The formation of arsenic clusters in the simulation (␣ϭ1) extends the radius of increased FEC up to 10 m beyond the dislocation ͓see Fig.  3͑a͔͒ , in agreement with the Raman scattering experiments. Therefore, the comparison of computer simulations with experiments states that the formation of arsenic clusters at dislocations is essential for the spatial distribution of the FEC.
In conclusion, our computer simulations elucidate that the formation of arsenic cluster at dislocations is energetically and kinetically preferred, compared to that in the matrix. The cluster formation is connected with an extended region of increased free-electron concentration around dislocations. Finally, it should be mentioned that the interface energy between a cluster and the GaAs matrix may be reduced, due to the dislocation strain field, to further enhance the formation of the clusters at dislocations according to Eq.
͑3͒.
This work has been supported by the Kultusministerium Sachsen-Anhalt. FIG. 2 . Simulated spatial distribution of interstitial arsenic from the matrix to the dislocation in GaAs:S without (␣ϭ0) and with (␣ϭ1) arsenic clusters formed at the dislocation. The concentration C I As of interstitial arsenic is normalized to the local equilibrium concentration in the matrix C I As eq . r is the distance to the dislocation core. In all simulations, the dislocation core radius is taken as 7 Å .   FIG. 3 . ͑a͒ Simulated spatial distribution of the free-electron concentration in GaAs:S without (␣ϭ0) and with (␣ϭ1) arsenic clusters formed at the dislocation. The experimental FEC ͑symbols͒ is obtained by averaging the FECs over several directions from the dislocation in the two-dimensional mapping in ͑b͒. The spatial distribution of the FEC ͑b͒ has been obtained by Raman microscopy in GaAs:S. It increases from 1.64ϫ10 18 cm Ϫ3 in the matrix ͑M͒ to 1.75ϫ10
18 cm Ϫ3 at the dislocation ͑D͒. Since the spatial resolution of the Raman microscope is above 0.1 m, the strong increase in the FEC for rϽ0.01 m in the theoretical calculation is not resolved in the experiment. For a better visualization, a log scale is used for r in ͑a͒. The arrow is drawn in ͑a͒ to guide the eye.
